u-To investigate the effects of focal neodymium:yttrium-aluminum-garnet (Nd:YAG) laser irradiation (X = 1060 nm) on regional cerebral blood flow, cerebral protein synthesis, and blood-brain barrier permeability, the parietal brain surface of 44 rats was irradiated with a focused laser beam at a constant output energy of 30 J. Survival times ranged from 5 minutes to 48 hours. Laser irradiation immediately caused well-defined cortical coagulation necrosis. Within 5 minutes after unilateral irradiation, 14C-iodoantipyrine autoradiographs demonstrated severely reduced blood flow to the irradiation site and perilesional neocortex, but a distinct reactive hyperemia in all other areas of the forebrain, Apart from a persistent ischemic focus in the vicinity of the cortical coagulation necrosis, blood flow alterations in remote areas of the brain subsided within 3 hours after irradiation. Autoradiographic assessment of 3H-tyrosine incorporation into brain proteins revealed rapid onset and prolonged duration of protein synthesis inhibition in perifocal morphologically intact cortical and subcortical structures. Impairment of amino acid incorporation proved to be completely reversible within 48 hours. Immunoautoradiographic visualization of extravasated plasma proteins using 3H-labeled rabbit anti-rat immunoglobulins showed that, up to 1 hour after irradiation, immunoreactive proteins were confined to the neocortex at the irradiation site. At 4 hours, vasogenic edema was present in the vicinity of the irradiation site and the subcortical white matter, and, at later stages (16 to 36 hours), also extended into the contralateral hemisphere. Although this was followed by a gradual decrease in labeling intensity, resolution of edema was still not complete after 48 hours.
I
N a previous study, the sequential morphological changes in the rat brain after neodymium:yttriumaluminum-garnet (Nd:YAG) laser irradiation were investigated using a laser beam focused on the brain surface.'-" At an output energy of 30 J, laser irradiation immediately caused a well-defined circular lesion. At 48 hours after laser irradiation, the lesion consisted histopathologically of three distinct zones: central coagulation necrosis surrounded by a zone of colliquation necrosis and by perifocal edema. Despite an initial increase and subsequent late decrease in lesion size, the analysis of time-dependent changes showed that depth and diameter of the resulting cortical defect never exceeded 3 mm. These data were interpreted to suggest that the Nd:YAG laser can be used for tumor and blood vessel coagulation with minimal risk of adverse effects due to unintentional damage to normal tissue in most regions of the brain. Focal lesions such as brain infarction, ~5'~6'24 tumors, 23 abscesses, 5 and physical injury 2"36 are known to be associated with blood-brain barrier (BBB) permeability changes, widespread cerebrovascular and metabolic abnormalties, and acute or subacute suppression of neural function. Hemodynamic and metabolic disturbances have attracted increasing attention as factors possibly relevant to the recovery or irreversible damage of brain tissue adjacent to the primary site of injury. The study of this phenomenon has been complicated by the extraordinary variability in nature, extent, and location of the primary lesion. Irradiation of the rat brain by Nd:YAG laser can be used as a model of a well-defined brain lesion to study physical trauma and neural tissue interaction.
The present qualitative study was specifically designed to identify a possible contribution of regional cerebrovascular and metabolic dysfunction in perifocal brain tissue to the development and extent of the final laser-induced morphological lesion. Although lasers have been applied in neurosurgery since 1962fl ~ there is almost a complete lack of information on hemodynamic and metabolic changes in perilesional brain tissue after laser irradiation. A recent cerebral blood flow (CBF) study, using the hydrogen clearance technique, performed after CO2 laser irradiation did not reveal unequivocal blood flow changes up to 24 hours. 25 The results of the present study clearly demonstrate that unilateral cortical Nd:YAG laser irradiation profoundly affects blood flow in the target region and in remote areas of the forebrain, that it causes an extensive perifocal inhibition of protein synthesis, and that it elicits a prolonged severe bilateral vasogenic edema. Some preliminary results have been published elsewhere. ~
Materials and Methods

Nd." YAG Laser Irradiation
The model has been described in detail in a previous publication. ~2 Briefly, male Wistar rats (body weight 190 to 240 gm) were anesthetized with intramuscular droperidol and fentanyl (Thalamonal, 1.5 ml/kg). Following induction of neuroleptanalgesia, osteoplastic craniotomy was performed for subsequent laser irradiation using a high-speed drill (0.8 mm in diameter). Two days following preparative surgery, the brain surface of the left parietal hemisphere was irradiated under light ether anesthesia with an Nd:YAG laser (?~ = 1060 mm).* With a light guide (divergence 5.5*) and a lens system having a 3-cm focal length, the laser beam was precisely focused on the brain surface (2.5 mm lateral to the midline and 4 mm posterior to the bregma) using an aligned helium-neon laser pilot beam. The beam was focused to achieve the highest power density at an output power of 30 W. Pulse duration was 1 second. The diameter of the focal spot, calculated according to the equations of geometrical optics, was 2.9 mm. t~ The parietal bone flap was replaced after irradiation to avoid secondary changes due to bulging of brain tissue. For the same reason the dura mater was left intact. Studies were carried out on a total of 44 animals. Each experimental condition was tested in two rats and two sham-operated control animals. Animals were allowed * Nd:YAG laser manufactured by Medilas, MBB, Munich, Federal Republic of Germany.
to survive for different lengths of time up to 48 hours (see below).
Regional Blood Flow
Regional blood flow was studied qualitatively by an indicator fractionation technique 47 using 4-iodo(Nmethyl-~4C) antipyrine (14C-lAP), with a specific activity of 56 mCi/mmol, as the diffusible tracer.t During preparative surgery for laser irradiation the right jugular vein had been cannulated through a paramedian cervical incision. The right femoral artery was also catheterized and blood gases and pH were monitored by anaerobic sampling of blood and measured with microelectrodes operated at 37"C~ immediately prior to isotope injection. At intervals of 5, 30, and 90 minutes and 3 hours after laser irradiation, two experimental rats and rats in the sham-operated control group received bolus injections of ~4C-IAP (50/aCi in 0.4 ml physiological saline) into the jugular vein. The animals were decapitated 5 seconds after isotope injection and the brains were rapidly removed and frozen in methylene butane precooled with liquid nitrogen to -70"C. Coronal sections were cut at 20 ~m through the center of the lesion in a cryostat and air-dried sections were exposed to Kodak NMB film for 14 days. Alternate sections were stained with hematoxylin and eosin and cresyl violet/Luxol fast blue. Stained sections were superimposed on autoradiographic images to assure correct framing for planimetric measurements. Planimetric determination of the tissue necrosis and the ischemic focus (defined as the cortical area with a mean optical density < 46) was performed on coronal sections of color-coded autoradiographs and corresponding tissue sections through the center of the lesion using a planimeter.w
Protein Synthesis
For the study of regional protein synthesis, a tracer dose of L-(3,5-3H)tyrosine (3H-tyrosine, 0.68 umol/kg), with a specific activity of 51 Ci/mmol, U was injected intravenously into a control group of rats immediately after laser irradiation and subsequently at time intervals of 60 minutes and 3 and 48 hours. The animals were killed 30 minutes after the last injection by transcardiac perfusion under 0.8% halothane anesthesia. Heparin (90 IU) was given via the left ventricle prior to washout of the vasculature with isotonic saline. Tissues were fixed with a precooled 4% (vol/vol) formaldehyde solution containing 0.5 % (wt/vol) trichloroacetic acid and 0.1% (wt/vol) unlabeled L-tyrosine. After overnight stabilization at 40C, the brains were removed and stored t ~4C-IAP supplied by New England Nuclear Corp., Boston, Massachusetts.
:~ Microelectrodes manufactured by Radiometer, Copenhagen, Denmark.
w Planimeter, Model MOP-AMO 3, manufactured by Kontron, Ziirich, Switzerland.
II 3H-tyrosine supplied by Amersham International, Amersham, United Kingdom.
in the same solution for a further 24 hours. Acid-soluble precursors were removed by repeated changes of the fixative. 26 Following dehydration and paraffin embedding, autoradiographs were prepared from 3-urn sections with exposure either to LKB 3H-Ultrofilm for 14 days (Fig. I E and F) or to Kodak AR 10 stripping film for 4 months (Fig. 3) . With this technique, approximately 96% of the radioactivity in autoradiographs is due to peptide bonds and thus reflects protein synthesis. 3s Tritiated tyrosine utilization for neurotransmitter synthesis is quantitatively negligible. 26 The area with inhibition of protein synthesis was determined planimetrically as described for blood flow studies (see above).
Amino Acid Influx
Regional blood-brain precursor amino acid influx was assessed in a separate group of animals using the same dose and isotope solution as described for protein synthesis studies (see above). Sham-operated control rats and animals with survival times of 5 or 30 minutes or 3 hours after laser irradiation were killed by decapitation following intravenous infusion of 3H-tyrosine over a period of 2 minutes.l Brains were processed as described for the blood flow studies and cryostat sections were exposed to 3H-Ultrofilm for 1 month.
Brain Edema
Vasogenic edema was studied by immunoautoradiographic visualization of extravasated proteins from whole serum in sham-operated control rats and experimental animals after 1, 4, 8, 16, 24, 36, or 48 hours of survival. Immunoglobulins were isolated from rabbit antiserum directed against whole rat serum proteins by affinity chromatography on protein A-Sepharose CL-4B columns according to the method of Hjelm, et al. 22 The immunoglobulin G fraction was labeled with (2,3-3H)propionate residues by incubation with N-succinimidyl(2,33H)propionate (3H-Sccp, specific activity 53.9 mCi/mmol). The immunoglobulin fraction (2 mg/ml in 0.1 M sodium phosphate buffer) was incubated with 1.0 mCi 3H-Sccp for 30 minutes at room temperature. Subsequently, immunoglobulins were dialysed overnight against phosphate-buffered saline (PBS) to remove unbound radioactivity. Autoradiographs were prepared by in vitro incubation of 3-urn sections with 3H-labeled anti-rat immunoglobulin fraction for 1 hour at room temperature, followed by repeated washes in PBS. The sections were then exposed to 3H-Ultrofilm for 14 days.
Results
Experimental Model
Results pertaining to the animal model with qualitative and quantitative evaluation of morphological brain damage have been described in detail elsewhere.~2 Briefly, focal Nd:YAG laser irradiation at an output energy of 30 J produced a clear-cut circular lesion on the brain surface. Coronal sections cut through the center of the lesion showed a significant increase in lesion size. The depth increased from 1.5 mm at 2 hours to 2.6 mm after 48 hours, and the diameter of the lesion enlarged from 1.7 mm to 2.4 mm, respectively. The morphological necrosis at all time intervals, however, was confined to the cortex.
Regional Blood Flow
The physiological parameters determined in spontaneously breathing rats immediately prior to ~4C-IAP injection are summarized in Table 1 . The topography of laser-induced CBF changes varied considerably with survival time. At all time points blood flow to the irradiated parietal neocortex was consistently and severely reduced when compared with that of the control animals ( Fig. 1A-C) . At 5 minutes after laser irradiation, the ischemic focus was still ill-defined laterally due to low cortical blood flow in the entire territory supplied by the ipsilateral middle cerebral artery (Fig. 1B) . By contrast, the ipsilateral cortical areas supplied by the anterior and posterior cerebral arteries and the neocortex of the contralateral hemisphere exhibited a distinct hyperemia. Both the contralateral hyperemia and the homolateral focal ischemia still persisted 30 minutes after irradiation (not shown). At 90 minutes and 3 hours following laser irradiation, the lesion site was characterized by circular gradations of blood flow surrounding a focus of maximal ischemia (Fig. 1C) . Subcortical structures, in particular the hippocampus, the central medial and laterodorsal thalamic nuclei, and the hypothalamic nuclei also exhibited bilateral hyperperfusion with rapid onset (Fig. 1) . Three hours after laser irradiation blood flow alterations distant from the irradiated parietal cortex had largely subsided (Fig. 1C) . Planimetric evaluation of time-dependent blood flow changes underneath the irradiation site and correlation with temporal morphological changes revealed an initial disparity between focal ischemia and the size of the immediately visible tissue necrosis. At all subsequent time points, the area with severely reduced blood flow almost equaled that of the morphological tissue necrosis (Fig. 2) .
Protein Synthesis
In comparison with control rats, the nonlesioned hemisphere of all experimental animals showed a normal pattern and intensity of amino acid incorporation FIG. 1. A to C: Representative computer-derived cerebral blood flow (CBF) autoradiograms of a control animal (CO) and of animals studied at 5 minutes and 3 hours after focal laser irradiation of the left parietal brain surface. Blood flow changes initially consist of an iU-defined ischemic lesion underneath the irradiation site (B), followed by a well-demarcated focus of maximal ischemia surrounded by gradations of reduced blood flow (C). Note the transient reactive hyperemia after laser irradiation in all forebrain structures except for the neocortex supplied by the ipsilateral middle cerebral artery. D: Color-coded autoradiogram of regional bloodto-brain amino acid influx (AAI) 5 minutes after laser irradiation. The neocortex underneath the irradiation site shows a highly abnormal pattern with concentric gradations of altered 3H-tyrosine uptake and is surrounded by a rim with AAI increased to an extent comparable to regions devoid of a blood-brain barrier. E and F: Autoradiographic assessment of cerebral protein synthesis (CPS) at 30 minutes and 48 hours after laser irradiation (apposition film technique; exposure time 14 days). Note the marked homogeneous reduction of 3H-tyrosine incorporation in cortical areas with inhomogeneously altered AAI. into brain proteins with highest activities in the neurons of the cerebral cortex, hippocampus, and basal ganglia. 26 Laser irradiation of the brain surface resulted in an immediate, almost complete lack of 3H-tyrosine incorporation in a sharply demarcated area in the vicinity of the irradiation site. At 30 minutes after irradiation, the area with inhibited protein synthesis not only included the laser-induced cortical coagulation necrosis, but extended into the surrounding, histopathologically unchanged neocortex, the subcortical white matter, and the dorsal hippocampus (Figs. 1E and F and 3) . Autoradiographically, there was no transition zone between the area with severe reduction of protein synthesis and the surrounding neocortex with maintained amino acid incorporation. Neurons of all cortical layers immediately adjacent to the zone with almost complete lack of 3H-tyrosine incorporation exhibited a normal labeling intensity. In the hippocampus, inhibition of protein synthesis was restricted to the lateral part of the CA 1 pyramidal cell layer. At 90 minutes and 3 hours following laser irradiation, focal inhibition of protein synthesis persisted. The area with almost complete lack of amino acid incorporation, however, had decreased in size and no longer involved the hippocampus. At 48 hours after irradiation, the region with inhibited protein synthesis was distinctly smaller and did not extend beyond the borders of the morphological tissue necrosis (Fig. 3) . Planimetric measurements confirmed that the area with inhibited protein synthesis was initially more than twice as large as the morphological tissue necrosis (Fig. 2) .
Amino Acid Influx
No effect of osteoplastic craniotomy on blood-tobrain amino acid influx was evident in sham-operated control animals (not shown). In these animals and in the contralateral non-irradiated hemisphere of experimental animals (Fig. 1D) , a declining gradient of amino acid influx was evident between superficial cortical layers and the subcortical white matter. Within the basal ganglia and the hippocampus there was a patchy distribution with irregular foci of slightly increased 3H-tyrosine labeling. In accordance with the anatomical distribution of regions known to possess a less developed BBB, a high labeling intensity was found in the hypothalamus, circumventricular regions of the brain stem, the choroid plexus, and the meninges (Fig. 1D) . Laser irradiation caused a focal, highly abnormal amino acid influx. In analogy to the three histologically discernible zones, concentric gradations of altered amino acid uptake were recognized 5 minutes after laser treatment. Amino acid influx within the coagulation necrosis was almost abolished (Fig. 1D) . The center of the lesion was lined by a narrow rim with influx levels similar to those of the subcortical white matter, surrounded by a zone with high uptake levels closely corresponding to the outer cortical layers. Amino acid influx in the perilesional cortex was increased to an extent comparable to that in regions devoid of a BBB. At 30 minutes and 3 hours after irradiation, increased 3H-tyrosine influx into the perilesional area persisted; however, the inner concentric zones were less regularly outlined at 30 minutes and no longer discernible at 3 hours (not shown).
Brain Edema
Extravasation of endogenous brain proteins was already present 30 minutes after laser irradiation (not shown). Until 1 hour after irradiation, edematous changes were confined to the laser-induced tissue necrosis and a small rim of adjacent cortical tissue (Fig.  4) . At later time points, the cortical edematous zone became less defined and considerably enlarged. Extravasated serum proteins within the white matter underlying the cortical lesion were first evident 2 hours following irradiation (not shown). Subsequently, edema spread along the white matter tracts. At 4 hours after laser irradiation, extravasated 3H-labeled serum proteins were still restricted to the white matter of the ipsilateral hemisphere and the corpus callosum. Accumulation of labeled proteins then became more intense, extending into the white matter of the contralateral hemisphere, and was also clearly demonstrable in the dorsal hippocampus at 16 hours after irradiation. This was followed by a gradual decline of labeling intensity within the ipsilateral gray and white matter and almost complete resolution of edematous changes in the contralateral hemisphere at 48 hours after irradiation (Fig. 4) .
Discussion
CBF at Irradiation Site
The present study clearly demonstrates that focal laser irradiation of the brain surface profoundly affects cerebral blood flow at the irradiation site and in the perilesional cortex within 5 minutes after laser-induced injury (Fig. 1B) . Initially, the ischemic focus was distinctly larger than the immediately visible laser-induced coagulation necrosis (Fig. 2) . Analysis of time-dependent morphological and hemodynamic changes revealed that, at all subsequent time points, the area of local hypoperfusion was identical to the area of irreversible brain damage; that is, over time the area of "penumbra" in the vicinity of the coagulation necrosis assumed morphological characteristics of colliquation necrosis. In accordance with these findings, the size of the morphological lesion increased significantly during the first hours after irradiation. '2 Persistent perilesional ischemia most likely reflects irreversible microcirculatory changes in the adjacent neocortex due to endovascular photothrombosis 3 or thermal shrinkage of collagen fibers in vessel walls. 31 The extent and severity of blood flow disturbances in regions with initial preservation of neuroglial cells can be explained by the optical properties ()~ = 1060 nm) of the Nd:YAG laser. 4 Extensive light scattering within the target tissue in combination with a high blood-to-brain absorption ratio 49 selectively affects cerebral blood vessels outside the irradiation focus and thus leads to ischemia with secondary enlargement of the lesion. Blood flow to distant cortical regions supplied by the ipsilateral middle cerebral artery was initially (at 5 minutes) close to normal when compared with that of sham-operated control rats (Fig. 1A and  B) . In contrast, marked reactive hyperemia was present in all other forebrain regions between 5 minutes and 3 hours after laser treatment (Fig. 1C) . This increase in blood flow most likely represents luxury perfusion, a finding not unique to laser irradiation. Within 48 hours after laser irradiation, normal perfusion was re-established in all remote forebrain structures (not shown).
Metabolic-CBF Coupling
Metabolic mapping with the deoxyglucose method 43'44 has demonstrated an uncoupling of blood flow and glucose utilization in several experimental models of focal brain injury, including infarction and cold lesions. 16.36 The reversible widespread reduction of glucose use after focal injury despite normal or increased blood flow was interpreted to reflect a transient generalized depression in the functional state of traumatized brain. In experimental models of focal ischemia, inhibition of protein synthesis is restricted to surrounding brain structures. 24,s~ Resumption of protein synthesis after ischemia occurs gradually, extending over a period of several days. 6'9'45 This has prompted several authors 8' 2s,35' 45 to discuss the possibility that a long-lasting protein synthesis deficit may play a pivotal role in cell injury and thus represent a more reliable functional parameter for tissue viability than electrophysiological activity, glucose utilization, or energy metabolism. Both the time course and spatial distribution of impaired amino acid incorporation in the present study, however, do not suggest a relationship between inhibition of protein synthesis and the evolution of morphological damage after laser irradiation. Marked inhibition of protein synthesis was not restricted to the neocortex, but was also present in the dorsal hippocampus, which remained morphologically intact (Fig. 3) . Despite prolonged duration (Fig. 2) , inhibition of pro-FIG. 4. Immunoautoradiographic assessment of extravasated endogenous serum proteins using 3H-labeled rabbit anti-rat immunoglobulins at different time intervals following focal Nd:YAG laser irradiation. At 1 hour after irradiation, blood-brain barrier permeability changes are confined to the immediate vicinity of the laser-induced cortical tissue necrosis. At 4 hours, extravasated serum proteins accumulate in the subjacent white matter. Subsequently, at 16 hours, vasogenic edema extends into the ipsilateral dorsal hippocampus and along the corpus callosum into the contralateral hemisphere. At 48 hours, the contralateral hemisphere is no longer involved, but edema persists in both homolateral gray-and white-matter structures.
tein synthesis was completely reversible in the perilesional cortex and subcortical structures 48 hours after laser irradiation (Fig. 3) . The possibility that impairment of polypeptide synthesis was caused by reduced amino acid availability due to perilesional hypoperfusion was ruled out by visualization of regional 3H-tyrosine influx. Conversely, autoradiographs showed a perifocal rim of increased amino acid influx (Fig. 1 D) which persisted up to 3 hours after laser irradiation (not shown) and largely corresponded to the cortical area with increased BBB permeability (Fig. 4) .
The distributional pattern of impaired cerebral protein synthesis after laser irradiation suggests a hyperthermia-related effect. 
Vasogenic Edema
Vasogenic brain edema, a common complication of focal brain lesions including infarction, tumors, and physical trauma, is thought to result from the entry of serum proteins into brain parenchyma following a temporary opening of the BBB to macromolecules and a concomitant increase in water content. 27 Experimentally, increased vascular permeability can be produced without any noticeable injury to brain parenchyma. 37, 39, 40 Under such circumstances, resolution of edema starts immediately after restitution of the BBB to protein leakage, despite persistent opening to low-molecular-weight substances. 3~ In the present study the sequential formation, propagation, and resolution of vasogenic brain edema following laser irradiation was monitored immunoautoradiographically by in vitro incubation of paraffin-embedded coronal tissue sections with 3H-labeled rabbit immunoglobulins directed against endogenous rat serum proteins. Although visualization of protein extravasation does not allow the detection of other types of edema such as ischemic edema, the method employed offers a resolution superior to the imaging of BBB disturbances with 125I-labeled albumin. 2 Qualitatively, the dynamics, severity, and spread of edema along white matter tracts after laser irradiation closely paralleled temporal BBB permeability changes observed after a focal cryogenic lesion of rat brain, 2'33 except for a more severe and widespread involvement of the perilesional neocortex (Fig. 4) .
In the present study, there was a clear temporal and spatial disparity between the immediate onset of marked ischemia in the ipsilateral neocortex and the gradual development of vasogenic edema with bilateral subcortical spread. Analysis of time-dependent changes in the present study and additional evidence (HR Eggert, et al., unpublished data) suggest that the laserinduced BBB dysfunction is monophasic, peaks at 2 hours after irradiation, and persists for approximately 24 hours. The predominant accumulation of extravasated serum proteins in the subcortical white matter with spread along white-matter tracts and transient involvement of the dorsal hippocampus does not support a contribution of vasogenic edema to the development of laser-induced secondary morphological brain damage. This finding is consistent with observations by other authors that the cellular elements of previously edematous tissue may be left remarkably intact if there are no deleterious complications due to increased intracranial pressure. 27 ' 36 The severe BBB breakdown in response to laser irradiation is likely to be primarily associated with, but not necessarily confined to, areas with structural damage of brain microvessels. Apart from several other putativ e mediators of BBB dysfunction (see review by Wahl, et al.48) , recent experimental data suggest that increased BBB permeability following physical trauma is elicited by a stimulation of polyamine synthesis in capillary endothelium. 29'46 Increased polyamine synthesis in turn is known to be one of the stimuli resulting from hyperthermia. 7' 19,34
Conclusions
Prolonged inhibition of protein synthesis and increased BBB permeability after focal irradiation of the rat cortex with the Nd:YAG laser must be taken to indicate severe but transient dysfunction in brain structures with maintenance of neuronal viability. In contrast, the persistent ischemia in perilesional tissue with initial preservation of neuroglial cells leads to a secondary enlargement of the morphological lesion due to evolution of a delayed colliquation necrosis.
